Experiments on self-diffusion in amorphous silicon (Si) were performed at temperatures between 460 to 600°C. The amorphous structure was prepared by Si ion implantation of single crystalline Si isotope multilayers epitaxially grown on a silicon-on-insulator wafer. The Si isotope profiles before and after annealing were determined by means of secondary ion mass spectrometry. Isothermal diffusion experiments reveal that structural relaxation does not cause any significant intermixing of the isotope interfaces whereas self-diffusion is significant before the structure recrystallizes. The temperature dependence of selfdiffusion is described by an Arrhenius law with an activation enthalpy Q ¼ ð2.70 AE 0.11Þ eV and preexponential factor D 0 ¼ ð5.5 þ11.1 −3.7 Þ × 10 −2 cm 2 s −1 . Remarkably, Q equals the activation enthalpy of hydrogen diffusion in amorphous Si, the migration of bond defects determining boron diffusion, and the activation enthalpy of solid phase epitaxial recrystallization reported in the literature. This close agreement provides strong evidence that self-diffusion is mediated by local bond rearrangements rather than by the migration of extended defects as suggested by Strauß et al. (Phys. Rev. Lett. 116, 025901 (2016)).
Self-diffusion in single-crystalline silicon (c-Si) is a well-known phenomenon that was extensively studied in the past. Self-diffusion in c-Si is mediated by both vacancies and self-interstitials [1, 2] . In contrast, first experimental results on self-diffusion in amorphous Si (a-Si) have been published only recently [3, 4] . The problem in obtaining the self-diffusion coefficient for aSi is due to the difficulty to suppress two processes competing with self-diffusion: (i) the random nucleation of the crystalline phase and (ii) the solid phase epitaxial recrystallization (SPER) of the a-Si layer commonly prepared on respective c-Si substrates. In the studies of Strauß et al. [3, 4] , an amorphous 29 
Si= nat
Si isotope structure was deposited directly on a c-Si wafer using ion-beam sputtering. No detailed information on the pre-treatment of the single crystalline substrate wafer before layer deposition and on the thickness of its native oxide before and after sputter deposition is reported. This information is highly relevant to judge whether SPER is to be expected during the diffusion anneals performed by Strauß et al. [3, 4] . In this context it is also noted that a very thin oxide layer between substrate wafer and a-Si not necessarily prevents SPER but even can mediate the growth of a single crystalline layer [5] . Considering the SPER velocity reported in the literature [6, 7] , the amorphous layer prepared by Strauß et al. should be fully recrystallized during the diffusion anneals performed in their work. Taking into account the activation enthalpy of Q ¼ 2.75 eV and prefactor
8 cm=s for the SPER velocity given by Ref. [6] , the expected SPER crystallization time at 550°C (600°C) for a 310 nm thick a-Si, which equals the layer thickness prepared by Strauß et al., is 5788 s (629 s). Strauß et al. [3, 4] report significantly longer diffusion times of 254520 s (14400 s) for annealing at 550°C (600°C). Unfortunately, they did not discuss whether the native oxide layer between the a-Si layer and the c-Si substrate and/or the high level of carbon contamination (5% at maximum) in their amorphous 29 
Si isotope multilayers (see supplemental material of [3] and Ref. [4] ) have suppressed SPER. In particular, carbon impurities can lead to a significant retardation of SPER [8, 9] . Thus it is likely that SPER in the samples of Strauß is effectively suppressed by the high level of carbon impurities in the amorphous isotope structure rather than by a native oxide between the amorphous layer and the crystalline Si substrate. Overall, the missing discussion on SPER and on the impact of carbon impurities in the work of Strauß et al. [3, 4] questions their self-diffusion data to be representative for high purity a-Si.
Several methods are reported in the literature to prepare homogeneous and compact a-Si layers. The most favoured method is amorphization of c-Si by ion implantation (cf. e.g. Refs. [6, 7, 10, 11] ), ion-beam or plasma sputter deposition (cf. e.g. Refs. [3, 4, 12] ), and laser melting followed by rapid quenching (cf. e.g. Ref. [10] ). These procedures ensure the formation of a-Si without voids and inhomogeneities. As-prepared a-Si samples generally reveal a structural relaxation during thermal treatments as demonstrated by calorimetric measurements [10, [12] [13] [14] [15] . It is therefore important to separate the relatively fast process of structural relaxation from the long-term selfdiffusion. Due to the different time-scale of these processes the impact of relaxation and self-diffusion on the interfacial broadening of the isotope structure can be separated when isothermal diffusion experiments are preformed for various times.
In order to study self-diffusion in a-Si, ten bilayers of nat Sið10 nmÞ=
28
Sið15 nmÞ were first epitaxially grown on top of a silicon-on-insulator (SOI) wafer by means of molecular beam epitaxy (MBE). Subsequently, the top single crystalline Si layer was amorphized by twofold (sample set #1) and threefold (sample set #2) Si ion implantation. Details on the SOI wafer, the implantation parameters for amorphization, the microscopic characterization of the a-Si, the diffusion experiments, and the analyses of Si diffusion profiles by means of Time-of-flight (TOF) secondary ion mass spectrometry (SIMS) are given in the Supplemental Material [16] . SIMS analysis of a-Si structure #2 yields a carbon concentration of about 1.8 × 10 18 cm −3 and an oxygen concentration below the detection limit of 1.0 × 10 18 cm −3 (see Supplemental Material [16] ). Amorphous Si prepared by self-ion implantation undergoes a structural relaxation upon annealing that has been characterized by differential scanning and isothermal calorimetry by Roorda et al. [10] . For temperatures ≤ 500°C the calorimetric signal has stabilized after 10 min [10] indicating a significant relaxation process within the first minutes of annealing. To demonstrate the impact of relaxation on the interfacial broadening, Fig. 1 shows 30 Si concentration profiles of an amorphized sample in comparison to those of samples relaxed and annealed at 520°C for 15 min and 12 h, respectively. Analyses of the thermal broadening based on Eq. (S1) of the Supplemental Material [16] yieldsr ¼ ð2.9 AE 0.5Þ nm for 15 min and r ¼ ð4.0 AE 0.3Þ nm for 12 h annealing at 520°C. Within the depth resolution of SIMS, the broadeningr ¼ 2.9 nm obtained after 15 min equals the broadeningr ¼ 2.8 nm of the amorphized sample #2. Obviously, structural relaxation is a local and short-range ordering process as reported by Roorda et al. [10] and thus does not significantly affect the broadening at the Si isotope interfaces. This implies that any interfacial broadening determined with SIMS after annealing is due to self-diffusion in the amorphous state.
After SIMS profiling the self-diffusion coefficient D
SD
Si is obtained by fitting the numerical solution of Fick's second law of self-diffusion
to the experimental 30 Si profiles. The profile measured after relaxation is considered as initial profile. Fig. 2 illustrates the interfacial broadening of the amorphous structure #1 after diffusion annealing at 550°C for 5 h in comparison to the relaxed state represented by the Si concentration-depth profiles measured with SIMS after annealing of sample type #1 at 550°C for 5 h (×) in comparison to the profile (þ) after relaxation (T ¼ 520°C, t ¼ 15 min). The red solid line is the best fit to the experimental diffusion profile that is based on numerical solutions of Eq. (1) considering the self-atom profile measured after relaxation as initial profile. Table S1 of the Supplemental Material [16] . Diffusion annealing at fixed temperatures for various times reveals that D SD Si deviates at maximum by about 20% (see Table S1 of Supplemental Material [16] ). This deviation is within experimental accuracy and demonstrates that self-diffusion in the considered temperature-time frame does not change with time. This supports a relaxed metastable a-Si structure whose dynamics on the atomic scale becomes visible by the interfacial broadening of the isotope structure. Figure 3 shows the temperature dependence of the selfdiffusion coefficients in comparison to results reported by Strauß et al. [3] and Noah et al. [21] . [3] but confirm the data given by Noah et al. [21] . Noah et al. determined the self-diffusion coefficients in a-Si from the interdiffusion of a-Si=a-Si 0.52 Ge 0.48 multilayer structure that was prepared by evaporation of Si and Ge in ultra high vacuum on a (100)-oriented Si substrate covered with Si 3 N 4 . The deposition on top of the silicon nitride layer avoids direct contact of the amorphous Si=SiGe multilayer structure with the crystalline substrate and thus impedes SPER during diffusion annealing. Strauß et al. prepared a multilayer structure with ten bilayers of 29 Si= nat Si by sputter deposition on a (100)-oriented Si substrate. As outlined above, it is likely that the amorphous structure prepared by Strauß et al. is stabilized by a high level of carbon impurities (≤ 5%). Accordingly, the results reported by Strauß for self-diffusion in a-Si remain questionable.
PHYSICAL REVIEW LETTERS
In accord with the results of Noah et al. [21] , we could not detect any significant interfacial broadening due to structural relaxation. This confirms that the relaxation is a local atomic reordering process [10] . The activation enthalpy Q ¼ ð2.70 AE 0.11Þ eV determined in this work for self-diffusion in a-Si equals the activation enthalpy for the SPER rate (Q ¼ 2.75 eV [7] ), the diffusion activation enthalpy of hydrogen (H) in a-Si for low H concentrations (Q ¼ 2.7 eV [22] ), and the diffusion of coordination or bond defects ½Q ¼ ð2.6 AE 0.4Þ eV, i.e., dangling and floating bonds in the case of three-and fivefold coordinated Si atoms, respectively. The latter value was deduced from the model of boron diffusion in a-Si [23] . Hydrogen is known to saturate dangling bonds in a-Si [24] while SPER is considered to be mediated by local bond rearrangements at the crystalline-amorphous interface [7] . The overall similarity in the Q values gives strong evidence that bond switching or bond rearrangement mechanisms governs also the self-diffusion process in a-Si.
Roorda et al. [10] report a concentration of bond defects of about 1% in relaxed a-Si. This concentration of defects is several orders of magnitude higher than the equilibrium concentrations of self-interstitials and vacancies [25] that mediate self-diffusion in crystalline Si (c-Si) [2] . On the other hand, self-diffusion in a-Si at e.g. 550°C is about nine orders of magnitude faster than results reported by Südkamp et al. [2] for self-diffusion in c-Si extrapolated to low temperatures. This strong disparity may lead to the conclusion that the relation between the magnitude of selfdiffusion in c-and a-Si is determined by different defect concentrations. However, theoretical investigations showed that bond exchange or switching in bond-defect-free, i.e., fully fourfold coordinated a-Si, can also lead to atomic migration (see below).
Strauß et al. [3] suggest that the high value of Q ¼ ð4.4 AE 0.3Þ eV deduced from their self-diffusion study is composed of a defect formation and migration part. The nature of the defect mediating self-diffusion is motivated by the high diffusion activation entropy S SD ¼ 24k B deduced from the preexponential factor of the temperature dependence of self-diffusion [3] . This high value led Strauß et al. to suppose the presence of extended defects that incorporate several atoms. The concept of extended defects was first introduced by Seeger and Chik [26] to explain the high preexponential factor of self-diffusion in c-Si. Recently this concept was renewed by Cowern et al. [27] to explain the diffusion of B in c-Ge and suggested to be applicable for cSi and many other crystalline solids. The extended defect is considered to be similar to an amorphous pocket [27] in a [3, 4] . Therewith, our results do not support the concept of extended defects mediating self-diffusion in aSi. Instead, the close similarity between the activation enthalpy of self-diffusion and the activation enthalpy of other processes in a-Si rather support local bond rearrangements as dominating mechanisms.
Evidences on the mechanisms of atomic migration in a-Si can be also obtained from theoretical calculations. However, the few atomistic simulations on self-diffusion in a-Si hitherto performed led to very different results. Using the original Stillinger-Weber interatomic potential Sastry et al. [28] obtained a value of 6.4 × 10 −8 cm 2 s −1 for the selfdiffusion coefficient at 1060 K. On the other hand, the extrapolation of our experimental data to 1060 K yields 8.0 × 10 −15 cm 2 s −1 . A high self-diffusion coefficient was also found by tight-binding molecular dynamics (MD) simulations of Santos et al. [29] . These authors considered both defect-free a-Si prepared by the WWW algorithm [30] and a sample prepared by quenching from the liquid phase with 20% fivefold-coordinated atoms. In the first and the second case, the obtained self-diffusion coefficients were D [29] demonstrate that the diffusion activation energy should not significantly depend on whether coordination defects are present or not. Santos et al. [29] identified five types of diffusion mechanisms, such as bond breaking and bond switching. Song et al. [31] used a modified StillingerWeber-type potential and the nudged elastic band method, in combination with the activation-relaxation technique, to determine the energy barriers between the plethora of states possible in a defect-free (fourfold coordinated) aSi structure. They obtained an average barrier height of about 3 eV. This value is not very different from our experimental value for the activation enthalpy. Song et al. [31] found that the WWW bond switching, or exchange [30] , is the most important mechanism for migration events in their a-Si material. The results of Song et al. [31] reveal a preexponential factor of about 10 −2 cm 2 s −1 and suggest a self-diffusion coefficient of a-Si of about 5 × 10 −17 cm 2 s −1 at 1060 K. The above overview reveals strong differences between the results obtained so far in theoretical investigations, although the relevant mechanisms discussed are rather similar. The experimental data provided in this work form a solid basis and a firm benchmark for future theoretical work. In summary, we have studied self-diffusion in amorphous silicon isotope multilayer structures at temperatures between 460-600°C. The temperature dependence of selfdiffusion follows an Arrhenius equation with an activation enthalpy of Q ¼ ð2.70 AE 0.11Þ eV and preexponential factor D 0 ¼ ð5. . The activation enthalpy equals the activation enthalpy of solid-phase epitaxial recrystallization [6] , of the migration of dangling and floating bonds [23] , and of the diffusion of hydrogen [22] in amorphous silicon. The remarkable agreement shows that the mechanisms mediating these processes must have a common origin. Based on present studies, it is argued that self-diffusion in amorphous silicon is mediated by local bond rearrangements. This questions recent results on self-diffusion reported by Strauß et al. [3] and, thus, also their conclusion on the presence of extended defects in amorphous and crystalline Si.
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